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Article comprising an electric field-tunable semiconductor laser 



(57) I n a novel tunable semiconductor intersubband 
laser (111), the lasing transition (41) is a non-resonant 
tunneling transition, with the frequency of the emitted 



photon depending on the electrical bias across the multi- 
period active region (12) of the laser. The laser can be 
designed to emit in the mid-IR, and can advantageously 
be used for, e.g., trace gas sensing. 
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Description 

Field of the Invention 

This invention pertains to semiconductor lasers. s 
Background 

In conventional lasers the lasing threshold is 
achieved when the population difference between the 10 
initial and final states of the lasing transition reaches a 
critical value determined by the equality between gain 
and optical losses. In such lasers, lasing requires pop- 
ulation inversion. This generally is achieved by optical 
or electrical pumping. is 

However, lasers without population inversion have 
been proposed. For instance, S. E. Harris, Physical Re- 
view Letters , Vol. 62(9), p. 1033 (1989), shows on the- 
oretical grounds that under certain conditions that in- 
clude interference between lifetime-broadened discrete 20, 
levels which decay to the same continuum, lasing with- 
out population inversion may be possible in extreme UV 
and X-ray laser systems, or in systems that comprise 
artificially layered materials. A. Imamoglu et al., Optics 
Letters , Vol. 19(21), p. 1744 (1994) propose another 2s 
scheme for lasing without population inversion. The 
scheme utilizes interferences in double-quantum well 
intersubband transitions. Neither publication offers ex- 
perimental verification. See also R. F. Kazarinov et al., 
Soviet Physics Semiconductors . Vol. 5, p. 707 (1971), 30 
and R. F. Kazarinov et al., Soviet Physics Semiconduc- 
tors, Vol. 6, p. 1 20 (1 972), which disclose the possibility 
of the amplification of electromagnetic waves in a sem- 
iconductor structure with a superlattice. The structure 
proposed by Kazarinov et al. is subject to field break-up 35 
into field domains, and electromagnetic wave amplifica- 
tion has not been observed in the proposed structure. 

It would be highly desirable to have available a tun- 
able laser in the mid-IR wavelength range (e.g. about 
3-1 3 pm), due to the existence of atmospheric transmis- 40 
sion windows at 3-5 pm and 8-13 pm. Many gases and 
vapors have pronounced absorption features in these 
wavelength regions, and thus could readily be detected. 
Such a tunable laser could be advantageously used for 
trace-gas sensing for, e.g., environmental, industrial or 45 
medical applications. See, for instance, U. MartinellL La- 
ser Focus World , March 1996, p. 77. 

Recently, a new class of lasers, designated "quan- 
tum cascade" or "QC" lasers, was disclosed. See US 
patents 5,457,709 and 5,509,025. See, for instance, al- so 
so J. Faist et al., Science , Vol. 264, p. 553 (1994); J. 
Faist et al., Applied Physics Letters . Vol. 66, p. 538 
(1995); J. Faist et al., Applied Physics Letters . Vol. 67, 
p. 3057(1995); C. Sirtoriet al., Appli d Physics Letters . 
Vol. 68, p. 1745 (1996); C. Sirtori et al., Applied Physics ss 
Letters , Vol. 69, p. 2810 (1996); and J. Faist et al., Ap- 
plied Physics Letters . Vol. 68, p. 3680 (1996). The op- 
erating wavelength of a QC laser can be tailored over a 
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wide range of wavelengths (including wavelengths in 
the mid-IR range) by controlling layer thickness in the 
multilayer semiconductor structure. QC lasers utilize in- 
tersubband population inversion to achieve lasing, with 
the lasing wavelength substantially not being electric 
field tunable. 

In view of the potential advantages of an electric 
field-tunable semiconductor laser, especially one that is 
capable of operation in the mid-IR wavelength regime, 
it would be highly desirable to have available such a la- 
ser. This application discloses such a laser, the laser 
utilizing a novel mechanism to establish population in- 
version. 

Summary of the Invention 

The invention is defined by the claims. In a broad 
aspect the invention is embodied in an article (e.g., a 
trace gas detection or analysis system) that comprises 
an electric field-tunable semiconductor laser, or in an 
electric field-tunable semiconductor laser. Exemplarity 
the laser emits in the mid-IR spectral region, with a wide 
tuning range (e.g., more than 50 cm- 1 ). 

More specifically, the laser comprises a first and a 
second contact region for applying an electrical bias 
across a semiconductor structure. The semiconductor 
structure comprises an active region, with the active re- 
gion comprising, in sequence in a direction normal to 
said contact regions, a multiplicity of essentially identi- 
cal repeat units, with each repeat unit comprising a mul- 
tiplicity of layers. 

Significantly, the multiplicity of layers of the repeat 
units is selected such that the lasing transition of the 
laser is a non-resonant tunneling transition of a charge 
carrier (typically an electron) from a first quantum state 
to a second quantum state, the transition being accom- 
panied by emission of a photon of energy hv, where h 
is Planck's constant and v is the photon frequency. The 
photon frequency is a function of the electrical bias ap- 
plied across the semiconductor structure. The laser thus 
is electric field-tunable. Preferred embodiments com- 
prise a segmented electrode. 

Brief Description of the Drawings 

FIG. 1 schematically shows the refractive index and 
the mode intensity of an exemplary laser according 
to the invention; 

FIG. 2 schematically shows the conduction band 
edge of a portion of the active region of the laser of 
FIG. 1; 

FIGs. 3-5 schematically show the conduction band 
edge of a portion of the active region of the laser of 
FIG. 1, for zero bias, moderate bias, and above 
threshold bias; 

FIG. 6 shows transition energy vs. bias voltage per 
active region period for an exemplary laser accord- 
ing to the invention; 
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FIG. 7 shows optical power vs. bias current, and bi- 
as voltage vs. bias current, both for the above ex- 
emplary laser; 

FIG. 8 shows the emission spectrum of the above 
exemplary laser; 

FIG. 9 schematically shows a 2-segment laser ac- 
cording to the invention; 

FIG. 10 shows the emission spectrum of an exem- 
plary 2-segment laser according to the invention; 
FIG. 11 schematically depicts an exemplary article 
according to the invention, namely, apparatus for 
trace gas sensing; 

FIG. 12 shows lasing photon energy and current 
density J 2 as a function of current density J A for an 
exemplary laser with segmented contact; and 
FIG. 13 shows the emission spectrum of the laser 
of FIG. 12 for different values of and J 2 . 

Detailed Description of a Preferred Embodiment 

FIG. 1 schematically depicts the refractive index 
profile 10 and mode intensity 11 of a laser according to 
the invention, along the direction normal to the layer 
structure, from the top contact to the InP substrate. Nu- 
meral 12 refers to the active region, numerals 131 and 
1 32 refer to mode confinement enhancement layers that 
constitute, together with active region 1 2, the core of the 
wavegutding structure. Numerals 141 and 142 refer to 
upper and lower cladding, respectively, with the lower 
cladding being the InP substrate. Numeral 15 refers to 
an optional (but preferred) plasmon confinement layer 
(see U.S. patent 5,502,787). 

Table 1 shows the layer structure of the laser of FIG. 
1 in detail. "InGaAs" refers to Ino^Ga^yAs, and "All- 
nAs" refers to AI 0 48 ln 0 52 As. "Graded" indicates compo- 
sitional grading to provide a smooth transition between 
two semiconductor compositions. 

Table I 



InGaAs 


n= 1 x'lO^crrr 3 


10nm 


Graded 


n = 7x 10 18 


30 




n = 7x 10 18 


1000 


AllnAs 


2x 10 17 


1600 




1 x 10 18 


10 


Graded 


n = 7 x 10 17 


30 


InGaAs 


n = 6x 10 16 


300 


Active Region 


(35x) 






1284 


. See Table II 
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n=1x10 17 


300 


Graded 


n = 2x 10 17 


25 


InP 


n = 2x10 17 
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15 



20 



25 



30 



The wavegutding structure of the laser of FIG. 1 
closely resembles that of prior art QC lasers. However, 
the active region ol a laser according to the invention 
differs in fundamental aspects from the active region of 
QC lasers : as will become apparent. 

FIG. 2 schematically shows the conduction band 
edge of a relevant portion of the active region of the laser 
of FIG. 1. The active region consists of a multiplicity (e. 
g., 35) of essentially identical repeat units 20 of thick- 
ness L p . For the sake of definiteness, consider a repeat 
unit to extend from the upstream end of short-period su- 
perlattice 24 to the downstream end of second tunneling 
barrier 23, as shown in FIG. 2. Arrow 26 indicates the 
downstream direction. A repeat unit further comprises 
a quantum well 22 and first tunneling barrier 21. The 
short period su per lattice forms a corn positiona I ly graded 
("trapezoidal") well that provides a tapered miniband 
(the shaded region 27 of the repeat unit) and a minigap 
25. Short period superlattices (also referred to as "pseu- 
do-alloys") are known, as is the fact that such superlat- 
tices can be designed to provide an energy region in 
which carriers can be transmitted through the superlat- 
tice (the "miniband"), and/or an energy region in which 
carriers can not be transmitted through the superlattice 
(the "minigap"). FIG. 2 also shows the modulus of some 
relevant wavef unctions, as well as arrows that indicate 
tunneling transitions, to be discussed below. Table II 
gives the details of the layer structure of a repeat unit, 
starting with the most upstream quantum well of the 
short period superlattice 24, and ending with second 
tunneling barrier 23. 

Table II 



35 



40 



45 



50 



55 



InGaAs 


undoped 


3.5 nm 


InAIAs 


undoped 


2.3 


InGaAs 


n = 4 x 10 17 


26 


InAIAs 


n = 4 x 10 17 


2.2 


InGaAs 


n = 4x 10 17 


2.0 


InAIAs 


n = 4 x 10 17 


2.0 


InGaAs 


undoped 


2.0 


InAIAs 


undoped 


2.5 


InGaAs 


undoped 


1.8 


InAIAs 


undoped 


2.7 


InGaAs 


undoped 


1.9 


InAIAs 


undoped 


3.5 (injection barrier) 


InGaAs 


undoped 


4.4 


InAIAs 


undoped 


3.3 



FIGs. 3-5 schematically show the conduction band 
edge of a repeat unit and of part of its adjacent down- 
stream repeat unit, for zero bias, moderate bias, and 
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above threshold bias, respectively. In FIGs. 3-5, D F' is 
the bias field across the laser F = 50 kV/cm corresponds 
to a bias per repeat unit of about 0. 18V, for the laser of 
FIG. 1. 

Numerals 21-24 refer to the first tunneling barrier, 
quantum well, second tunneling barrier and trapezoidal 
well, respectively. Numeral 31 refers to the ground state 
level of the quantum well. At zero and low applied elec- 
trical bias, graded region 24 provides a thick effective 
barrier between level 31 and the corresponding down- 
stream level (not shown), and current flow through the 
structure is negligible. 

A significant current starts to flow through the struc- 
ture only for moderate applied bias, exemplarity — 50 
kV/cm. For the laser of FIGs. 1 and 2, this is the bias 
that is necessary to compensate the conduction band 
gradient of opposite sign in the trapezoidal wells 24, to 
form a well with substantially "flat" bottom. Arrow 41 in- 
dicates photon -assisted tunneling of carriers from the 
lowest state of the graded well to level 31 . Tunneling 
through second barrier 23 into the adjacent downstream 
graded well is rapid, due to resonance with the mini- 
band, as is decay to the lowest energy level thereof. 

For still higher applied bias (e.g., > 50 kV/cm) the 
energy states are similar. However, in this bias regime, 
the tunneling rates and oscillator strength are strongly 
bias dependent. 

For bias in excess of the "flat field" bias of FIG. 4, 
the ground state (n - 1 ) of the graded well (also referred 
to as "injector") is energetically far away from the ground 
state n = 1 ' and excited state n = 2' of the quantum well 
22. This prevents resonant tunneling into the quantum 
well and the attendant negative differential resistance. 
The carrier transport to the quantum well and the down- 
stream repeat unit thus is largely phonon-assisted tun- 
neling between n = 1 and n = V, and tunneling from n = 
1 * to the adjacent downstream graded well. This insures 
stable injection without high field domains in the whole 
operating range of the novel laser, thereby overcoming 
a shortcoming of the resonant tunneling optical amplifier 
structure proposed by R. Kazarinov et al. (op. cit ). 

In the operating range of our novel laser, the con> 
positionally graded region 24 forms a "triangular" well 
(see FIG. 5), the ground state (n - 1) of which contains 
most of the carrier (typically electron) population (typi- 
cally >95%). The carriers in n = 1 have long lifetime (typ- 
ically tens of picoseonds), as compared to other energy 
states (e.g., n = V) in the structure, which typically have 
lifetime of order 1 ps or less. Consequently, the carrier 
population of state n = 1 is substantially constant over 
a wide range of applied electric field and/or temperature. 
As can be seen from Table II, charge carriers are pro- 
vided by selective doping of some of the layers of region 
24. 

The laser transition (n = 1 to n = 1 ') is based on 
photon assisted tunneling, as indicated by arrow 41 in 
FIG. 5. The energy (hv) and matrix element of the laser 
transition can be strongly tuned by application of a bias 



field across the structure. The energy is hv (h is Planck's 
constant, v is the photon frequency) and the matrix el- 
ement Zt v is < xj/t IzIa]/ v > where and xjr, . are the wave 
functions of the n = 1 and n = 1 ' states, respectively, and 

s z is the spatial coordinate normal to the layer structure. 
The notation used to express the matrix element is con- 
ventional and well understood in the art. The oscillator 
strength (f^vJof the lasing transition is (4n 2 m c /h 2 ) IZ 1 t J 2 
hv, where m 0 is the free electron mass. 

10 As can be seen from the above, the oscillator 
strength of the lasing transition is proportional to the en- 
ergy of the transition and the modulus squared of the 
matrix element of the transition. The dependence of the 
oscillator strength on the applied bias is considered to 

is be due to two mechanisms. Firstly, the transition energy 
increases, with increasing bias, due to the increase in 
potential drop between the two states (linear Stark ef- 
fect). Secondly, the transition matrix element is corre- 
spondingly increased, due to enhanced spatial overlap 

20 (tunneling) between the states. 

When the oscillator strength (and the attendant gain 
cross section a 1t1 ., which is proportional to the oscillator 
strength) is such that the gain o 1 v n n (n, is the carrier 
density in n = 1 ) equals the optical losses in the laser 

2$ cavity, lasing threshold is achieved. Further increasing 
the bias voltage results in increasing laser output. 

The above discussion of the operating mechanism 
was provided for tutorial reasons only, and the invention 
does not depend on the correctness of the proposed 

30 mechanism. 

The operating principle of the novel laser is a very 
general one, substantially relying on tunneling and the 
Stark effect. Thus, the novel laser is not limited to im- 
plementation in lll/V semiconductor material or opera- 

35 tion in the mid-IR. For instance, it can be implemented 
in non-polar materials (e.g., Si-Ge alloys where reso- 
nant optical phonon scattering can not be implemented), 
and it can be designed for operation in the far-IR (e.g., 
30-300 jam) spectral region. 

^o A layer structure as described above was grown by 
MBE on an InP wafer. The lasers were processed into 
ridge waveguides aligned along the [110] crystallo- 
graphic direction by wet chemical etching (H 3 P0 4 :H 2 O2: 
H 2 0 1 ;2:4). The etching automatically stopped at the in- 
terface with the InP substrate to. form trapezoidal- 
shaped waveguides of width 10-18 (im at their base. A 
350 nm thick Si 3 N 4 insulation was deposited by chemi- 
cal vapor deposition. Non -alloyed Ti/Au ohmic contacts 
were evaporated on the top layer and the substrate. The 

50 lasers were cleaved into 1-3.5 mm long bars, and the 
facets left uncoated. The lasers were then soldered, epi- 
layer up, on Cu sample holders, wire bonded and 
mounted on a temperature-controlled (10-300 K) cold 
head of a He flow cryostat, and measurements were 

55 made. 

FIG. 6 shows electroluminescenc data and laser 
data of transition energy vs. bias voltage per act iv re- 
gion period (V p ), and demonstrates the strong depend- 
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ence of the laser frequency on the bias voltage. The 
agreement of laser energies and electroluminescence 
data is evidence of lasing by oscillator strength tuning. 

FIG. 7 shows continuous wave (cw) optical power 
from a single laser facet vs. drive current. The laser was 
3 mm long and 1 4 pirn wide. We used f/0.8 optics and a 
calibrated, room temperature HgCdTe detector. At 10K, 
lasing threshold was obtained at 0.67 5 A (corresponding 
to a threshold current density of 1 .6 kA/cm 2 ). The laser 
operated up to 80K, with up to 40 mW of optical power 
at 60K. FIG. 7 also shows voltage as a function of injec- 
tion current at 10K. The threshold voltage is 9V. Above 
threshold, the gain is equal to the total optical losses, 
pinning the bias voltage at approximately its threshold 
value, as shown experimentally by the plateau in the 
voltage-current curve above 0.675A in FIG. 7. Because 
of this pinning, the laser wavelength does not change 
significantly as a function of current above threshold. 
However, because of the strong dependence of the tran- 
sition energy on the current, the laser wavelength is ex- 
pected to vary considerably with threshold current den- 
sity in devices of different cavity length. More specifical- 
ly, since the threshold current depends on the total loss, 
the laser photon energy which is a linear function of volt- 
age will typically vary for devices with different mirror 
and waveguide loss. 

FIG. 8 shows the spectrum of a laser operating in 
CW just above threshold at 10K. The spectrum is mon- 
omode, with a linewtdth limited by spectrometer resolu- 
tion. 

The above described exemplary laser operated in 
pulse mode up to about 220K with weak temperature 
dependence of the threshold current. Another laser, 
having 45 active region periods, lased at 280K with tens 
of milliwatts of pulsed optical power. 

The top contact metallization need not be continu- 
ous along the whole waveguide but can be divided into 
segments. The segments can be contacted in parallel, 
as shown schematically in FIG. 9, wherein numerals 
91-92 designate a first and a second contact segment, 
93 designates the gap between the segments, 94 des- 
ignates the laser mesa, and 95-96 refer to contact wires. 
If the two segments have considerably different lengths 
(e.g., ratio of at least 1:2), then the structure is able to 
lase at two wavelengths simultaneously. FIG. 10 shows 
optical power as a function of wavelength for a segment- 
ed laser, having segment lengths of 0.8 and 2.8 mm, 
respectively, with 20 u.rn separation. The data were tak- 
en at threshold. 

The situation is different if the contact segments are 
substantially of equal length. As illustrated in FIGs. 12 
and 13, the use of substantially equal length segments 
(e.g., length ratio less than 1:2) facilitates wavelength 
tuning. FIG. 1 2 shows laser photon energy as a function 
of the injected current density (J t ) in the first contact 
segment, and also shows current density (J 2 ) in the sec- 
ond contact segment, all for a laser as described above, 
but with segmented top contact, with equal length seg- 



ments, with 20 urn gap between the segments, as sche- 
matically depicted in the inset of FIG. 12. 

* FIG. 1 3 shows measured optical spectra for the la- 
ser of FIG. 12, for different values of J-, and J 2 For in- 
5 creasing photon energy, the values of J-, and J 2 were, 
respectively, 1.4 and 1.4 kA/cm 2 , 1.9 and 1.1 kA/cm 2 , 
2.4 and 0.9 kA/cm 2 , and 2.8 and 0.6 kA/cm 2 . As can be 
seen from FIG. 13, the tuning range for this laser was 
about 6.6-6.2 urn, corresponding to about 100 cm' 1 . 
10 Such a tuning range is advantageous for applications 
such as pollution monitoring. 

Those skilled in the art will appreciate, in a laser ac- 
cording to the invention with segmented electrode, the 
pinning of the gain to its threshold value is only a global 
is requirement, i.e., the gain in each laser section can be 
independently tuned, as long as the total gain is equal 
to the total losses. By injecting different current densities 
J., and J 2 in each section, the laser photon energy can 
be electrically tuned towards larger energies, approxi- 
20 mately tracking the peak of the gain spectrum of the sec- 
tion with the larger injected current. 

FIG. 11 schematically shows an exemplary article 
according to the invention, namely, apparatus 110 for 
trace gas sensing. Laser 111 emits radiation 112 of fre- 
25 quency v selected by electrical bias applied to contact 
113. The emitted radiation propagates through a region 
that contains gas 114, and is then detected by conven- 
tional detector 115, the detector output being a function 
of the nature and concentration of the gas. Desirably, 
30 contact 1 1 3 is a segmented contact, preferably with seg- 
ments of substantially equal length. 



Claims 



35 



1. An article (110) comprising a laser (111 ) comprising 
a first contact (91 ) and a second contact for applying 
an electrical bias across a semiconductor structure 
that comprises an active region (12), the active re- 
40 gion comprising, in sequence in a direction normal 
to said contact regions, a multiplicity of essentially 
identical repeat units (20), each repeat unit com- 
prising a multiplicity of layers; 

CHARACTERIZED IN THAT said multiplicity 
45 of layers is selected such that 

a) a lasing transition (41) of the laser is a non- 
resonant tunneling transition of a charge carrier 
from a first quantum state (n = 1) to a second 

so quantum state ( n = 1 ')> the transition being ac- 

companied by photon emission, the photon en- 
ergy being hv, where h is Planck's constant and 
v is the photon frequency; and 

b) the photon frequency is a function of the 
55 electrical bias applied across the semiconduc- 
tor structure. 

2. Article according to claim 1, wherein the semicon- 
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ductor structure is a IIIA/ semiconductor structure. 

3. Article according to claim 1 , wherein the photon fre- 
quency is in a frequency range that includes the mid 
infrared frequencies. s 

4. Article according to claim 1 , wherein the laser has 
a tuning range of more than 50 cm' 1 . 

5. Article according to claim 1 , wherein one of the first 10 
and second contacts is a segmented contact. 

6. Article according to claim 1 , wherein the semicon- 
ductor structure comprises a plasmon confinement 
layer. is 

7. Article according to claim 1 , wherein the semicon- 
ductor structure comprises a mode confinement en- 
hancement layer. 

20 

8. Article according to claim 7, wherein the semicon- 
ductor structure further comprises a plasmon con- 
finement layer. 

9. Article according toclaim 1 , further comprising a de- 25 
tector for detecting radiation of frequency v from the 
laser. 

1 0. Article according to claim 5, wherein the segmented 
contact comprises a first and a second segment, 30 
with said first and second segments having a length 
ratio of less than 2:1 selected to facilitate electrical 
bias tuning of the laser frequency 

11. Article according toclaim 5, wherein the segmented 35 
contact comprises a first and a second segment, 
with said first and second segments having a length 
ratio of at least 2:1 selected to facilitate simultane- 
ous lasing at two or more distinct photon frequen- 
cies. 40 
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